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AN INVESTIGATICN OF EFFECTS OF FLAME-HOLDER GUTTER
SEAPE ON AFTERBURNER PERFORMANCE

By S. Nakenlshl, W. W. Velie, and L. Bryant

SUMMARY

The effect of flame-holder gubtter cross-sectlonal shape on after-
burner performance was Investigated in an afterburner test rlg which
wag 26 inches In dlameter. The fuel-alr dlstribution and burner inlet
temperature (approximately 1250° F) were held as nearly comstant as
posslbls, and‘the arrangement of flame-holder gutter elements was the
same for all gutter shapes. FEach flame holder was investigated over a
wlde range of fuel-alr ratio, burner inlet veloclty, and burner inlet
pressure, Varlastions in burner inlet velocity were obtained by using
choked exhaust nozzles with different throat sizes. Varlatlons In
burner Inlet pressure were obtained by varying the afterburner alr flow.
Burner inlet velocltles ranging from 380 to 700 feet per second and
burner inlet pressures ranging from 6 to 20 inches of mercury absolute
were covered during the investigation.

In general, the combustion efflciency ranged from 90 percent at a
burner Inlet veloclty of 400 feet per second and a burner inlet pressure
of 15 inches of mercury to 60 percent at a burner 1nlet welocity of
700 feet per second and a burner Inlet pressure of 8 inches of mercury.
A channel-shaped gutter with a rounded upstream face had & combustion
efficlency which was 7 percentage polnts poorer than that for the con-
ventional V-gutter. A flame holder with vortex generators at the
trailing edges had a cambustion efficlency which was 3.5 percentage
points better than that for the conventlonal V-gutter. Flamse-holder
ghape did not greatly affect combustlion 1limits. Turbulence produced
by the addlitlon of upstream,K vortex generators to a conventional V-gutter
flame holder appeared to have a sllght adverse effect on the lean limit
of combustion. A channel-shaped gutter with a flat upstream face and a
conventional V-gutter which had sharp-edged tabs at the tralling edge
gave the hlghest pressure losses both with and without afterburning.
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INTRODUCTION ' -

In many cases of current turbojet power plants for alrcraft, the
need for thrust augmentation durlng certain periods of flight operation
dictates the use. of afterburners. More extensive needs have arisen in
ailrcraft designed for transonic and supersonic flight. Some of the per-
formance characteristles desireble In afterburners for such alrcraft are
high combustion efficiency at low pressures, stable combustion over a
wlde range of fuel-alr ratio, and low intermal drag to keep tall-plpe
pressure loss and, hence, thrust loss to & minimum, perticularly during
nonburning operatlion, such as In crulse flight.

2919

As has been shown in numerous afterburner Investigations, refer-
ences 1 to 3, for example, increesing burner inlet veloclity and de-
creasing burner pressure have deleterious effects on both combuation
efficlency and stability limits. Efforts to minimize the harmful effects
on afterburner performance at increasing veloclty and decreasing pressure
or to improve ‘performance at given conditions of operation have been
centered primarily about design of the fuel injection system, the inlet
diffuser, and the flame-holder blockage or gutter wldth. The afterburners
of references 1 to 3 and other afterburners have generally used flame
holders made up of gutter slements having a V, an H, or a semlcircular
cross gection. Investigations of the effects of systematic changes in -
gutter shape on afterburner performasnce have been limited In scope,
however.

Published literature on basic studies of flame stabllization and
propagation such as references 4 and 5 reported sbablility limits to be a
function of approach stream veloclty snd gutter width. Tn reference 5
it was postulated that hot burned gases in the reclrculation zones
immediately behind the flame holders raiesed the temperature of the
approaching mixture and provided continuocus ignition. Although the
studies of both references 4 and 5 indicate that blow-out velocity was
Independent—of the particular stabilizer shapes tested over the range
of conditions covered by the investigations, 1t appeared that radical
changes In gutter shape which would strongly affect the character of
reclrculation behind the gutter might correspondingly affect the limits
of flame stabilization. It was possible also that the degeneration of
combustion performance at the low pressure and high velocliy flow con-
ditlons encountered in afterburner operatlion might be partlally depen-
dent upon the shape of the flame-holder gutter elements.

An investigation of the lsothermal wake flow characteristlcs behind
various gutter shapes was accordingly conducted and 1s reported in ref- -
erence 6. The gutter shape altered the frequency and strength of vor- -
tices shed From the bhody in the absence of combustion. An attempt was
made to relate the flow characterigtice with parameters which might be
indicative of the amount of recivrculatory mass flow behind the gutter,
and which might in turn have some beasring upon the combustion process
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utilizing bluff-body flame stabllizers. The exact mechanism of flame
stabllization and 1ts relation to nonburning aserodynamic propertles of
various gutter shapes were not known, however.

An experimental investligation that included gubtter shapes similar
to thoge of reference 6 was therefore conducted at the NACA Lewls labor-
atory In a large-scale simulated afterburner test rig to study the
effect of flame-holder gutter shape on combustion performance and 1ts
posslble relation to the wake flow characteristics found during the
nonburning tests. All gutter shapes were 1.5 inches wlde. The same
geometrilcal arrangement of gubtter elements was used for all flame
holders. The Inlet gas temperature was held constant, and the fuel-air
dlistribution was held as near as possible to & uniform mixture.

A total of 10 gutter shspes was Investigated. Burner Inlet vel-
ocltles ranged from 380 to 700 feet per mecond, and burmer inlet pres-
sures ranged from 6 to 20 Inches mercury absolute. Afterburnsr fuel-air
ratlo ranged from lean blow-out to elther rich blow-out or a fuel-air
ratio of approximately 0.08. Data are presented to show the effect of
these variables on combustion performance.

APPARATUS
Installatlon

The genersal arrangement of the full-scale afterburmer installation
and a detalled sketch of the burner are shown In flgure 1. Combustion
air (fig. 1(a)) was supplied to the preheater at approximately 80° F,
and was heated to a temperature of 1250° F before entering the gas mix-
ing chamber. The preheater, which simulated a primary turbojet engine.
combustor, consisted of eilght J35 combustor cans. TUpon leaving the
preheater the hot gas was thoroughly diffused in the mixing chsmber to
promote a unliform temperature distribution before entering the diffuser.
A 44-percent-solldity screen was placed at the diffuser entrance to in-
sure a uniform veloclty proflle at this station.

The diffuser Inner body was designed for a constant rate of area
Increase except at the dlscharge end where the rate of aresas change in-
creaged because of rounding-off the end of the inner body. The inner
body was supported by four streasmlined struts which separated the
diffuser Into four chanmnels extending from the diffuser inlet to station
2. The installastion of the various flame holders was accomplished by
the removal of an accessible spool piece to which the flame holders
were attached. A quartz window 3 inches wlde and 6 inches long was
placed In the spool section to provide a means of observing the flame
front during combustion and to Ffacllitate recording blow-outs. An In-
tornal view of ‘the burmer showing details of the diffuser contours, the
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spray bar, and the flame-holder locations is shown in figure 1(b). The
burner was 25.75 inches in dlameter (inside dimension) and approximately
53 inches long. The fuel injectors, which were installed in the diffuser
section, consisted of 24 radial spray bars equally spaced around the cir-
cumference of the diffuser and located 29.5 inches upstream of the flame
holder. Fach sprsy bar contalned eight oxrifices 0.020 inch In dlameter,
as shown in figure 2. In some phases of the investigatlon where higher
ailr flowe were encountered, spray bars wlth orifices 0.030 inch in diam-
eter were employed in an endeavor to maintain comparable magnltudes of
fuel menifold pressure. The fuel was iInjected normal to the alr stream
at all times.

Flame holders. - Ten different flame holders, the detalls of which
are shown in figure 3, were used in the investigation. Figure 3(a) shows
the arrangement of gubtters which was characteristic of all the flame
holders used. The flame holders, which were supported by four radial
streamlined struts, were composed of 2 annular gutters with mean diam-
eters of-9.5 and 18.5 inches, Interconnected by four radial gutters of
the ssme shape as that of the annnlar gutters. The wldth of the gutter
elements was 1.5 inches and the projected blockage, exclusive of stream-
lined supporting struts, was 29 percent of the burmer crogs-sectlonal
srea.

Details of the gutter cross-sectionsl shepes used with the various
fleme holders are shown in figure 3(b). Flame holder 1 hed the conven-
tional V-gutter. Flame holder Z had a channel gutter with a flat up-
stream face. Numbers 3 and 4 had sharp-edged and round-edged tabs, re-
spectively, mounted along the trailing edges of V-shaped gutters. Num-
ber 5 had & cambered V-gutter and 6, a conventional V-gutter with vor-
tex generators mounted upstream of the leading edge. Number 7 had =
V-gutter with a crescent-shaped element 0.5 inch wide attached to the’
trailing edges of the gutter. Flame holder 8 had & conventionsl V- '
gutter with vortex generators mounted on the sides of the gutter. Num-
ber 9 had the combined features of flame holders 5 and 6 with vortex
generstors mounted upstream of a cambered V-gutter. Number 10 had fea-
tures similar to 2, except that the upstresm face was semicircular and
the over-all length of the gutter was increased 0.75 irch. The included
angles of the V-type gutters were decreased from 34° to 30° in some
cases to accommodate the tabs at the gutter lip. The spacing at the
vortex generators for flame holders 6, 8, and 9 is shown in figure 3(c).

Exhaust nozzleg. - Converging-diverging exhaust nozzles with three
different throat sizes were used ‘o cover a range of burner inlet veloc-
ities. The divergent sectlon of the exhsust nozzles downstream of the
throat was used to induce choking at the throat under some conditions of
marginal exhaust system capacity. The nozzles differed only in throat
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ares and angles of dlvergence. The percentages of throat area to burner
cross-sectional area for the three nozzles were 52.2, 70, and 82 percent,
which, for choked flow, gave ranges of burner inlet velocities from approx-
Imately 380 to 450 feet per second, 500 to 600 feet per second, and 580 to
700 feet per second, respectively. The higher wvelocltles for each nozzle
wore obtained at fuel-alr ratios in the reglon of lean blow-out and the
lower veloclities, in the vicinity of rich blow-out. The nozzles were
capable of remsining choked down to an over-sall nozzle pressure ratlo
(ratio of nozzle inlet pressure to nozzle exhaust pressure) of 1.25.

Instrumentation

Pressure and temperature measurements were taken at varlous stations
throughout the setup, as shown in figure 1(b). More specific details of
the instrumentation &t some of the stations are shown In flgure 4.
Twenty-five Franz-type chromel-alumel thermocouples were located at sta-
tlon 2 for recording afterburner Inlet total temperature. The arrange-
ment of the thermocouples at this stetion is shown in figure 4(a).

At the burner Inlet, station 4, 26 total-pressure probes, 4 stream
static probes, and 8 wall static taps were located as shown in figure
4(b). Accommodations were also made at statlon 4 Ffor inserting a fuel-
alr ratio sampling probe in 4 clrcumferentlisal positions. The fuel-sair
ratlo sampling probe was made of 3/16 inch Inconel tublng with a& 0.032
inch wall thickness; the probe inlet faced directly into the fuel-slr
stream. The probe moved on & radial line from the wall of the burner to
a point 11.25 inches from the wall. The fuel-air ratlo of the sample
drawn from the burner was determined by an NACA analyzer described in
reference 7.

A water-cooled totgl-pressure rake was located at the burmer out-
let, statlon 5. Twelve copper probes spaced on equal aress and arranged
as shown in Pigure 4(c) were used. Tn addition to the total-pressure
rake at station 5, two wall static taps were located at this station
dlametrically opposlite each other.

PROCEDURE

The preheater supplled air heated to 1250° F to the afterburner in-
let. With the alr flow set and the afterburner inlet temperature at
1250° F, the exhaust nozzle was unchoked to raise the burner inlet pres-
sure and to lower the Inlet veloclty. The afterburner was then ignited
at a burner fuel-alr ratio of approximately 0.050 by use of a torch-type
ignitor ahead of the flame holder. After lgnltion was complete, the
torch ignitor was shut off and the exhaust nozzle was choked by decreas-
ing exhaust pressure. Wlth the exhaust nozzle choked, runs with constant
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alr flow were made at different fuel flows to vary fuel-alr ratio. Air
flow was set and maintained constant for a glven series of runs by a
choked valve 1n the alr supply line upstream of the test facllity. The
fusl-alr ratlo range covered was from lean blow-out to rich blow-out or
to a funel-air ratio of 0.080, whichever occurred first. Iarge step changes
in Inlet pressure were obtained by making runs at different air flowe, and
large step changes in Inlet velocity were made by usging exhaust nozzlee of
different throat area. At a glven alr flow, changes in fuel-alr ratlo re-
sulted in small changes in both inlet velocity and Inlet pressure due to
the changes in temperature rlise. The range of condltions covered for
each flame holder 1s summarized in table I. All flame-holder shapes

were investligated at an inlet wveloclty level of 500 to 600 feet per

second and scme of the flame-holder shapes were Investigated at two other
veloclty levels. During the Investigation & range of veloclties from 380
to 700 feet per second and a range of pressures from 6 to 20 inches of
mercury absolute were covered.

Isothermal predsure drops (afterburner inoperative) at different in-
let veloclitles were determined by changing exhaust pressure with an un=
choked exhasust nozzle,

Stability limits were determined by observation of flame extinctlon
through the quartz window In the side of the burner. The stablllty limit
was approached gradually by slowly increasing or decreasing fuel flow.

At the instant of blow-out, fuel flow and burner exlt total pressure were
recorded to permit definltion of the stablllity limits and to compute com-
buetion efficlency at the stability limit., Afterburmer sir flow (actually
alr flow plus preheater fuel flow) was determined for a given series of
runs from total pressure at the burner exlt with no burning and with the
exhaust nozzle choked. The exhaust nozzle throat ares was known, and an
agsumed Plow coefficlent was used in the computation (see appendix A).

The ratlo of afterburner exit to inlet temperature was calculated
using the ratio of burner exit total pressure with burning to that for
nonburning with the nozzle choked, and combustion efficiency was taken
as the ratlo of actual afterburner temperature rise to the ideal tempera-
ture rise at the same fuel-air ratio. The ideal temperature rise was
obtained from an ideal temperature rise curve in which dissoclatlion was
taken into account (see ref. 8). Computational procedures used in deter-
mining afterburner temperature ratio and combustion efficlency are glven
in appendix A,

Radlal fuel-air distribution was checked in several cases at various
circumferential positions to within 2 inches of the burner center line ’
and immedlately ahead of the flsme holder. The fuel-air surveys were
made while afterburner combustion was Iin progress.
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The fuel used for this investigation was MIL-F-5624A grade JP-4,
whlch had a heatlng value of 18,725 Btu per pound and a hydrogen-carbon
ratlo of 0.172.

RESULTS AND DISCUSSION
Burner Flow Conditions

Inesmuch as the effect of flame-holder gutter shape on combustion
performance was of prime Interest, it was desirable that all variables
pertaining to burner flow conditlions be malintained as nearly constant as
possible over the entlre range of the investigatlon. In particular, the
gas temperature profile, flow velocity profile, and fuel-asir distribution
were controllied within the limits shown in figures 5 to 8.

Gas temperature. - The gas temperature distribution measured at sta-
tlon 2 shead of the fuel Injectlon station is shown in flgure 5. Three
levels of burner inlet velocity are presented in figures 5(a) to (c)
for high burner inlet pressure (high air flow) conditions. Except for
the lower quadrant, the gas temperatures were within a band of 60° F.

At the lowest velocity level, temperatures In all quadrants were within
a 60° F band. The radial variations in temperature were similar at all
points sround the circumference, with a sllight lowerling of temperature
near the outer wall,

In figures 5(d), (e), and (f), the temperature profiles at low
pressure are shown for the veloclty levels corresponding to those for
figures 5(a), (b), and (c¢), respectively. The pattern was essentially
the same as for the high pressure operatlng condltions except that =
meximum deviation in temperature of 200° F occurred at the lowest pres-
sure and velocity (fig. 5(f)).

Burner inlet veloclty. - Typlcal gas veloclty profiles at the burner
inlet (etation 4) surveyed across a horizontel diameter are shown in fig-
ure 6 for average burner-inlet velocitlies of 382, 510, and 675 feet per
gsecond. The veloclty profile had the same shape for all three velocity
levels and 1s representative of the type found In afterburners used on
actugl englnes. The low veloclty core indlcated a very thick boundaxry
layer or a partlally separated flow region due to the lerge curvature
of the dlffuser lmmer body at the downstream end. As might be expected,
the peaks and troughe Iin the veloclty profiles were accentuated at the
high velocitles.

Fuel-alr distribution. - Surveys of fusl-ailr distribution made at
statlon 4 with the burner operating at inlet velocitles between 480 and
520 feet per second are shown in figure 7. Surveys are shown for a fusl-
air ratio of 0.050 at a burmer inlet pressure of 10.5 inches of mercury
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absolute and 0.065 at a burner Inlet pressure of 18.5 Inches of mercury .
absolute. Figures 7(a), (b), and (c) show the distribution for these
conditions &t three positions around the burner circumference designated
as degrees of angular position by the convention adopted In figure 4(Db).
Although some minor nonuniformities in the fuel-air mixture along the
radius as well as around the circumference are evldent, the patterms are
representative of results that could be achieved in the practice of high~
output afterburner design. The nonreproducibility of the fuel-air dis-
tribution pattern neesr the center of the burner for the three angular
poslitlians may be attributed to the unpredlctable eddy and recirculatory—
flow behind the end of the diffuser Ilnner body.

2919

The fhel-alr ratio distributions at a constant alr flow rate but
with three levels of burner inlet velocity (400, 500, and 650 f£t/mec)
are shown in figure 8. At the 90° position (fig. B(a)), the dletribution
with a veloclity of 650 feet per smecond and & fuel-alr ratic of-0.065 was
gimilar to that with a velocity of 400 feet per seoqnd and a fuel-air
ratio of 0.050. T . —

Visual inspectlon of the curves In flgures 7 and 8 reveals that
the average surveyed fuel-air ratic was lower than the over-all fuel- r
air ratio computed from gross measurements of fuel and air flow. The
absgolute values of the surveyed fuel-alr ratlo are therefore doubtful,
but they may be consldered indlicative of the relative fuel-air ratioc
distrlbution actuaslly existing along the burner radius.

Typical Performance Characteristics

Except for observed differences in the steadiness'of the flame
accompanied at times by Increase in sound level due to rough burning,
there were no outward indications of differences In combustion character-
istlcs from one flame holder to another. A critical compasrison of the
varlous flame holders thus necessitated & complete performance evalua-
tion for each gutter shape and exhaust nozzle size, which involved
making approxlmately 1200 runs, followed by cross-plotting of data to -
determine performence &t the same conditions of pressure, veloclity,

and fuel-alir ratio.

A plot of data for the conventional V-gutter flame holder (flame
holder 1), which were obtained with the 70 percent exhaust nozzle,
1s shown In figure S. These data were arbitrarlly selected to show re-
sults which are typlcal of thosme obtained with a glven exhaust nozzle
slze. The individual curves shown in figure 9 are for constant values
of ailr flow, and the varlous quantities defining performance are plotted .
againgt afterburner fuel-air ratio. (A detalled discussion of the sig-
nlficance of any speclal combustion variables will he found in appendix
A. The symbols used in appendix A and elsewhere In this report are de- -
fined in appendix B.)

P
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The combustion efficiency shown in figure 9(a) is comparable with
those effilciencies used 1n references 1 to 3 and 9. As shown in Pigure
9(a), the value of combustion efficiency at alr flows of 16.87 and 21.33
pounds per second was relatively comstant between fuel-alr ratlos of
0.047 and 0.087. The general level of efficlency decreased 20 percen-
tage points as the air flow decreased from 21.33 to 8.20 pounds per
second; there was an attendant decrease in burner inlet pressure from
about 16 to 6.5 inches of mercury absolute for thls change in alr flow
rate, as shown in Pigure 9(b). The fuel-air ratio for peak efficiency,
at fuel-air ratios leaner than stolchiometric, generally shifted from
gbout 0.047 to 0.057 as the burner inlet pressure decreased from 16
to 6.5 Inches of mercury absolute. As Puel-air ratlo was varled at a
constant alr Plow, there was a simultaneous change in both burner inlet
pressure and velocity, as shown in Pfigures 9(b) and (c), respectively.

The computed values of combustion effliclency at lean or rich blow-
out were somewhat sporadic. Although the data were obtained under tran-
glent conditions the primaery varlasble, afterburner fuel flow, was being
changed very slowly at the time of blow-out. Generally, however, blow-
out was preceded by appreciable instabllity and flickering of the com-
bustion zone. This flame instabllity near blow-out was consldered to
be & factor contrlbuting to the sporadilc deviatlions of combustion
efficlency.

The stabllity limlts are defined as the combination of afterburner
fuel-alr ratio, combustion-chamber pressure, and burner Inlet veloclty
at blow-out and are shown as the dark end points in figure 9. As the
burner outlet pressure (Pig. 9(d)) decreased from 12.6 inches of mercury
absolute to 5.4 inches of mercury absolute, the lean blow-out fuel-alr
ratio Increased from 0.03 to 0.06. At pressure levels of 12 and 15.5
inches of mercury absolute, rich blow-out was not encountered at fuel-
air ratios slightly greater than 0.08. The low pressure at which the
lean and the rich limit converged Iindicated the pressure below whlch
Plame would not stabllize at any fuel-alr ratio for the burner inlet
veloclities which existed.

A factor which contributed to narrowlng the stablllity 1limits was
the combining effect of wveloclty, pressure, and fuel-alr ratic near
blow-out. With a fixed-area choked exhaust nozzle, the burner inlet
velocity was a functlon of the tempersture ratlo across the burner.
At a given alr flow, as fuel-air ratlo approached blow-out, & drop in
efflciency, or temperature ratic, caused & drop in pressure and an
Increase in veloclty. Both factors were changing in the direction of
unstable combustion and precipitated blow-outb.

The combustion temperature Tg plotted in figure 9(e) is the over-

all bulk temperature of a hypothetlical gas mixture which would give rise
to a particular total pressure upstream of a choked statlon having a
known area and discharge coefficlient. The peak in temperatures for the

C T
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conditlons Investigated occurred between fuel-alr ratios of 0.060 and
0.072. The maximum temperature of 3740° F obtained for this configura-
tlon occurred at a fuel-alr ratio of 0.072 and & burner inlet pressure
of 16.7 inches of mercury absolute. The combustion temperature at peak
efficiency for this pressure level was 3360° R at 0.045 fuel-alr ratio.

The broken curve In figure 9(e) indicates the ldeal temperature
curve which might be obtalned with 100 percent combustion efficlency.
The flattening of the experimental temperature curve near stolchiometric
fuel-alr ratlo caused a more pronounced departure from the ldeal than at
other fuel-alr ratios and resulted In the dip in the efficlency curve
of figure 9(a). This accentuated departure from the ideal curve may be
due to combined effects of nonuniformities iIn the fuel-alr ratlo dis-
tribution and the presence of preheater combustion products. It is also
possible that the agsumptlions regarding the effect of dlssocclation on
ideal combustlon temperature rise were not entirely correct, and that
the 1deal curve should In reality be more flat in the region of stoichio-
metric fuel-alr ratlo than 1ls shown.

The ratlio of total-pressure loss across the flame holder and the
burner to the burner inlet pressure is shown in Ffigure 9(f) for both
nonburning and burning conditions. In the nonburning case the pressure
loss was due to friction and turbulence and 1s designated drag. This
loss varied from 0.020 to 0.043 times the inlet total pressure with the
greater loss occurring at the high air flows (or, inasmuch as the veloc-
ity was approximately constant, at high Reynolds numbers). (The present
investigation covered a Reynolds number range from 9000 to 25,000.)

The pressure loss wlth burning ranged from approximately 0.045 to
0.075 times the inlet pressure, and at a glven fuel-alr ratio it varied
with inlet alr flow In a masmner simllar to that found In the case of
nonburning. The pressure losg wlth burning was the sum of the drag and
the momentum losses resulting from the heatling and accelerating of the
gases In a constant-dlameter duct. As combustion temperature Increased,
the pressure loss flrst increased and then approached a nearly constant
value.

Effect of Flame-Holder Gutter Shape on Coambustion Effilciency

The combustlon performance of a typlcal flame holder was presented
in the previous gectlon as a functlion of afterburner fuel-alr ratio.
Similar plots of performance date from other flame holders showed the
same general characterlstice. Cross plots of the performance data, such
as that shown in figure 9, were made at constant values of afterburner
fuel-alr ratlio in order to determine the effecte of flame-holder gutter
shape on combustlon effliclency.

2919
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The effect of burner Iinlet pressure on combustion efficlency at the
three msin veloclty levels for the various flame-holder shapes 1s shown
in figure 10 for a fuel-alr ratio of 0.047, and In figure 11 for a fuel-
air ratlo of 0.067. The dats shown in each part of figures 10 and 11
are for a fixed exhaust nozzle throat slze, and the burner inlet veloc-
1ty, as a result, varled slightly with combustlion efficlency. As can
be seen in these figures, the variatlion of combustion efflclency with
burner inlet pressure at both fuel-air ratios was gonerally the same
for all flame-holder shapes. The combustlion efficlency decreased with
decreasing burner pressure, and the rate of decrease in combustion
efficiency increased with Increasing burner Inlet wveloclty. A pecull-
arity in the behavlor of combustion efficiency wlth burner inlet pressure
can be obseérved for the lowest veloclty levels (figs. 10(a) and 11(a)).
Above pressures of approximately 15 inches of mercury absolute, the
efficlency appeared to decrease sllightly with increasing pressure.

The reasons for thils apparent decreage in combustion efficiency with
increasling pressure are unknown.

The effect of veloclty on combustlion effilciency for the various
flame-holder shapes ls shown In figures 12 and 13 for fuel-alr ratios
of 0.047 and 0.067, respectively. The trend of combustlon efficlency
with Incressing veloclty was agaln simllar for all flame-holder shapes.
The combustion efflciency decreased wlth lncreasing veloclity at a rate
which was primarily dependent upon the pressure level In the bhurner.
For a fuel-alr ratlo of 0.047 an increase in veloclty from 400 to 600
feet per second was accompanied by about 7 percentage polnts loss in
efficlency at a burner inlet pressure of 15 inches of mercury ebsolute
(fig. 12(a2)). At 8 inches of mercury absolute (fig. 12(c)), the same
increment of velocity increase cauged a loss of about 15 percentage
points in efficlency. Simllar interrelated effects of pressure and
veloclity were found at a fuel-alr ratlo of 0.087, as shown In figure 13.

As shown In figures 10 to 13, the over-all varlstion In combustion
efficiency was from about 90 percent at a veloclty of 400 feet per second
and a pressure of 15 inches of mercury to about 60 percent at a velocity
of 700 feet per second and a pressure of 8 inches of mercury. Although
within the over-all range of combustlon efficiency varlation the trend
of combustion efficlency with elther increasing veloclty or dscreasing
pressure was similar for all flame-holder shapes, the performance of
each of the varlous flame-holder shapes at given conditlons of veloclty,
pressure, and fuel-alr ratlio was not exactly the same. At glven condi-
tions of operation, differences of 5 to 10 percentage polnts for the
various flame-holder shapes were observed. Because the differences In
combustion efficlency were not consistent, however, a more detalled
exemination of the data was necessary ln order to lsolate the actual
magnitude of effect of flame-holder shape on combustlon efficlency.
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Although normal Insccuracies in combustion efficlency due to exper- .
Imental error are as much as 5 to 10 percentage polnts, they may be
agsumed to be largely random in nature. Averaging a large number of data
points might, therefore, bring out any trends due to flame-holder shape,
even though amall and obscured by data scatter. To accomplish this
averaging treatment, differences at fdentlical condltions of fuel-alr
ratlioc and pressure between the combustion efficiency cbtalned with the
conventional V-gutter (flame holder 1) and that obtained with each of
the other flame~holder shapes were determined from plots similar to
those in flgure S. Combinations of fuel-alr ratio and pressure were
arbltrarily preselected to glve a wlde range of conditions and a large
nuwber of averaging polnts for each flame holder. The differences in
efficlency obtained were then averaged aritimetically to determine the
merit of a glven flame holder relative to the conventional V-gutter,
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The results of thle averaging process are shown in bar-graph form
in filgure 14. The average differences in efficlency are arranged where
possible in order of Increasing KJV, a vortex-strength parameter which
was found in the lsothermal Investigation of reference 6 to be charachter-
1gtlc of a glven flame-holder shape. Also shown in figure 14 1s the
total number of experlmental runs made for each flame holder. ~

For the first seven flame-holder shapes shown in figure 14, there
is no evidence of any functional relation between the cambustion effic- -
iency and the vortex-strength parameter. The results do, however, show
some differences in combustion efflclency between the varlous flame-holder
shapes. The U-shaped gutter (flame holder 10) has a combustion efficiency
approxinately 7 percentage points poorer than that for the conventlional
V-flame holder, a result In qualltative agreement with other experiments
reported In reference 10. A flame holder wlth vortex gemerators near
the. downstream edge of the lege of the "V" (flame holder 8) had an aver-
age combustlion efficiency which waa 3.5 percentage polnts better than
the conventlonal V, and three other flame holders had efflclenciles
ranging from 1.5 to 2.0 pércentage polnts better.

Thus, the over-all difference in combustion efficlency due to flame-
holder shape was 10 percentage points. The maximm improvement in com-
bustion efflclency over the conventlonal V-gutter flame holder was only
3.5 percentage points, however. All four flame holders (5 to 8) which
had more than 1 percentage point superiority over the conventional
V-gutter flame holder had slightly higher pressure drops, as
wlll be dlscussed in more detail, and these characteristlcs as well as
relative difficulty of manufacture would have to be conslidered when
choosing a flame-holder shape for practical application.
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Effect of Flame-Holder Gutter Shape on Pressure Loss

The pressure loss across & body In & moving gas stream is Indicative
of the change in momentum of the gas in the directiom of the flow, or the
drag force incurred upon the body. In the case of nonburning, the momen-
tum change in the gas stream 1s the difference in mcmentum between the
undlsturbed free stream and the wake reglon behind the gutters. The
pressure loss without burning is an important consilderation in after-
burner design primarily because of 1lts effect on economy of engine opera-
tion In crulsing flight. In the case of burning, the losses consist of
not only the flame-holder drag but also the loss in momentum due to the
acceleration of heated gases In a constant-diemeter duct. Losses iIn this
cagse would be a functlon of the combustlon-chamber inlet conditlons (Mach
number and pressure) and the temperature ratio across the burner. Pres-
sure losses wlth burming ere Important because of the dlrect effect on
maximum output obtalnable from an afterburner, and also, In some casges
where supersonic flight plans call for a crulse with afterburning,
because of the effect on over-all ecomnomy of engline operation.

Logses without burning. - The ratio of the loss in total pressure
across varlous flame-holder gutters with no burning to the total pressure
upstream of the gutters ls shown In figure 15 as a function of Inlet vel-
ocity. Up to velocltles of 400 feet per second, losses for all the gutter
shapes were 1 percent or less of the upstream pressure. At 850 feet per
second, the losses varled from 1 to 3 percemt of the upstream pressure.

The smallest losses were exhiblted by the conventlonal V-gubtter
flame holder (1) and the U-shaped flame holder (10). Flattening the up-
stream face of the U-shaped gutter and adding sharp-edged tabs to the
trailing edges of the V-gutter gave flame holders (2 and 3) with the
highest pressure losses. Cambering the walls of the V-gutter or adding
vortex generators both upstream and at the trelllng edge of the gutter
legs, or adding semicircular tabs to the trailing edge gave flame holders
(5 to 8) with intermedlate pressure drops. These flame holders, which had
& pressure drop approximetely 1 percentage point higher than for the con-
ventional V-gutter at a veloclty of 650 feet per second, were previously
shown to have a slight superiorlty over the conventlonal V-gutter with
regpect to combustlon efficlency.

Losses with burning. - Flgure 16 shows the pressure loss ratlo with
burning for five gutter shapes at burmer inlet velocitles of 500 and 600
Peeot per second as a function of burner temperature ratio. At a burner
inlet velocity of 500 feet per second, &s shown In figure 16(a), the
differences in pressure loss ratlo for the conventional V-gubter flame
holder, the cambered V-gubtter flame holder, and the flame holder with
upstream vortex generators were similar over the entire range of tem-
perature ratio. The flame holders wlth the Plattened upstream face and
the sharp tabs at the tralling edge had the highest losses, as was the
case with no burning.
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At a burner inlet velocity of 600 faet per second (fig. 16(b)), the
trends of pressure loss ratio wilth both temperature ratio and flame-holder
ghape were similar to the trends obtained at a burner Inlet veloclty of
500 feet per second. The increase in velocity fram 500 to 600 feet per
gecond Increased the pressure loss ratlio by 2 to 4 percentage points.

Effoct of Flame-Holder Gutter Shape on Stablllty Limite

As explained in. a previous section, combustion stabllity limit is
the combination of flow variahles and fuel-air ratio at which flame can
no longer be stabilized and propagated into the main stream. A typical
set of blow-out data is shown In figure 17 where the fuel-alr ratio and
burner pressure at the instant of blow-out are plotted for the conven-
tional V-gutter flame holder. Datg are shown for the three exhaust=
nozzle sizes, The locus of blow-out pointa deflnes the stabllity limit,
which in flgure 17 covered a wlde range of burner inlet velocltles. The
numbers beslde each blow-out point indicate the velocities at time of
blow-out computed as a functlon of the burner temperature ratio.

A cross plot at constant burner Inlet veloclties of the aforemen-
tloned blow-out data for the conventional V-gutter flame holder is shown
in figure 18. Only limited data were obtalned at a wvelocity of 700 feet
per second and as a result the rich limit 1e not showm for thls veloclty.
The varlatlion of stabllity limits with combustion-chamber pressure for
the conventional V-gutter flame holder was typilcal of stabllity limite
of the other flame~holder gutter shapes. As combustlion-chamber pressurse
decreased, the fuel-air ratio at which blow-out occurred changed slowly
until & pressure of about 7 lnches of mercury was reached. Below 7
inches of mercury the stabillty limits were very sensglilve to pressure.
The lean and rich limits converged rapldly until, at some minimum pres-
sure, flame would not stabilize at any fuel-alr ratio for a given burner
inlet veloclty. Thils minimum pressure for flame stsbilization, which.
was dependent upon the burner inlet veloclty, was not determined for
all flame-holder gutter shapes.

A comparison of stebllity limits for a selectlon of four flame-
holder gutter shapes at a burmer Inlet veloclty of 500 feet per second
is shown in figure 19. The limits of all shapes for which data were
sufficiently complete grouped within a fuel-air ratlo of 0.0l except at
very low pressures. The flame holder with sharp-edged tabe was slightly
poorer than the others at the rich limit, and the flesme holder with up-
gtream vortex generators was poorer at the lean 1limlt.

Stabllity limite for the same gutter shapes at a veloclty of-800
Peet per second are shown In figure 20. In general, the limits were
narrower than those at 500 feet per second by 0.003 to 0.005 in fuel -
alr ratio. The flame holder with the upstream vortex generators again
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exhiblted poorer lean limits, which may be due to the presence of tur-
bulence upstream of the flame stebillzer. Simlilar effects of upstream
turbulence on stability limits were reported in reference 5, where in-
creasing turbulence intensity decreased the stabllity limits.

The relative insensltivity of stability limite to the gutter shapes
Investigated may be due to the behavior of wake flow characteristlcs and
to the dynamlcs of gas flow at blow-out. Changes In flow characteristics
in the region immediately behind the gutter from those observed during
isothermal flow occur as & result of seating flame on the gutter. With
combustlon and expansion of gases occurring, the large differences in
wake flow behind gutters of wvarious shapes found during lsothermal flow
(ref. 6) might be reduced during burning to a small reclrculating type
of flow that 1s simllar for all gutter shapes.

Another factor contributling to the similarlty of stabllity limits
for the varlous shapes might be the dynamics of flow and the coupling of
flow variables at impending blow-out. Should the blow-out process init-
iate by Inabllity of flame to propagate lnto the main stresm, as observed
and found to be independent of gutter shape In reference 5, the greater
portion of the combustion reaction normally occurring in the burner would
cease. In & chamber wlth a choked exit, & drop in combustion temperature
due to cessatlion of the main portion of the combustion reaction would re-
sult in a sudden drop 1n chamber pressure., The rapld pressure change
followed by a sudden acceleration of the approachling fuel-alr mixture
could give rise to conditions at which even the flame stabllizing source
1s extlngulshed desplte favorable conditions that might be created in the
wake reglion by some partlicular flame-holder gutter shape. In & combustlon-
chamber system with a choked exit, the factor controlling stabllity limits
may then become the stabllity limlts of the flame propagatlion process,
which mlght be quite independent of the effects of gutter shape and of the
mechanice of flame stabllization in the wake of bluff bodles.

CONCIUDING REMARKS

An investigation was conducted In & 26-inch-dlameter afterburner test
rig to determine the effect of flame~holder gutter cross-sectional shape
on afterburner performance. The flame-holder shapes investigated included
a conventlonal V-gutter, a cambered V-gutter, and V-gubters modifled by
the addition of tralling-edge tabs or vortex generators both upstream and
at the trailing edges. Also Included were channel-shaped gutters with
both rounded and flattened upstream faces.

The investigation covered burner Inlet velocitles ranging from 380

to 700 feet per second and burner pressures ranglng from 6 to 20 Inches
of mercury absolute. Combustion efficiencies of about 90 percent were

A——



16 Js NACA RM E53J14

cbtained at a burner inlet veloclty of 400 feet per second and a burner
proeassure of 15 Inches of mercury absolute. At a burner inlet veloclity
of 700 feet per secand and a burner pressure of 8 Iinches of mercury,
combustlon effliclencles of 60 percent were obtalned.

The effect of Increasing burner inlet veloclty and decreasing bur-
ner inlet pressure on combustion efficlency was about the same for all
flame-holder shapes. At glven operating conditions no trend of combus-
tion efficlency with flame-holdexr shape could bhe lsolated and shown +to
be comeistent with the trend at other conditionme; date scatter due to
random experimental error concealed any effects present. A process
whlch involved averaging a large number of differences in combustion
efficlency did, however, reveal some effects of flame-holder shape on
combustion efficlency. By thls averaging,process a channel-shapsd
gutter with a rounded upstream face was found to give a combustion
efficiency 7 percentsge points poorer than that of & comnventional V-
gutter. Addltion of vortex gemerators to the tralllng edge of a con-
ventional V-gutter improved the combustiomn efficiency by 3.5 percentage
points. Thus, an over-all variatlon 1n combustion efficiency due to
Plame-holder ghape of 10 percentage points was found. The maximum im-
provement in combustion efficlency over that for & conventional V-
gutter flame holder was only 3.5 percentage polnts, however.

The conventlional V-gutber flame holder was among those flame-
holder shapes glving the lowest pressure drop both with and without
burning in the combustlon chamber. At & veloclity of 500 feet per second
the pressure drop for & channel flame holder with a flat upstream face
and a V-gutter with sharp-edged tralllng-edge tabs, the poorest flame
holders wlth regard to pressure drop, gave pressure drops which were 1
percentage point higher than the conventional V-gutter. With burning,
the differences in pressure drop between the conventional V-gutter and
these flame holders were fram 2 to 4 percentage points.

Flame-holder shape had a small effect on stability limits. Turbu-
lence crested by the addlition of vortex generators upstream of a con-~
ventlonal V-gutter appeared to have a sllight adverse effect on the lean
1imit of combustion.

Lewls Flight Propulsion Iaboratory
National Advisory Committee for Aeronautlcs
Cleveland, Ohlo, October 12, 1953
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APPENDIX A

METHODS OF CALCULATION

Gas Plow. ~ The gas flow through the nozzlé for a given serles of
runs was computed as

i
— Cafsts (ra) (=2 7-1
&g ﬂfﬁﬁg 78 y + 1

The gas flow was computed for the cold flow condition (only pre-
heater 11t, Tg = 1250° F) and this flow was assumed to remain constant

during all corresponding hot runes (afterburner 1lit) at the same setting
of the inlet-alr supply valve.

Alr Plow. - The welght of alr flow through the afterburner was
computed as

Wa = Wg - Wfp
Burner inlet veloclty. - The continuity equatlion was used in the
following form to calculate the afterburner Inlet veloclity from measure-
ments of total pressure, statlic pressure, and area made at statlon 4
and of afterburner inlet temperature made at station 2:

-1
(ws + Wfb) RT, 7=

4 P
Aypy 474

Fuel-gir ratio. - Three significant fuel-air ratlos used in this
report were defined as follows:

(f/a) = Zp_ (over-ali)

Wf + W
w&.

(f/a)p = WfP/Wé (preheater)

(f/a)g = afterburner unburned-air
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The method of obtaining (f/a), 1s &s follows:

Wf + (Wf - Wf ')
total unburned fuel to afterburmer _ b P P
(f/a')a = =

- total unburned alr Wf !
LN 7y pwpey
&  (f/a)gtoich

where

(Wf - Ve ') = fusl not burned in preheater to be charged to afterburner
D P

‘w’ T
f
T—7—7£L__-_- = air theoretically chemically consumed In preheater
f/a gtolc

Dividing by Wy yilelds

(2/a)y, + (£/a)y ~ (£/a)y:
(£/a)g = . CIDK
ToeTE

but
(£/a)y, + (£/a), = (£/a)

therefore,
(£/a) - (2/a),'

TN

0.0875

(f/a')a =
1 -

The value of (f/a)P' ie obtained from the ideal temperature rise

curve (ref. 8) and measurements of the burner inlet total temperature
and the inlet ailr supply temperature upstream of the preheaster
(77£3° F).

Total temperature across burner. - The burner total temperature
ratlio was derived from the continuity egquation applled at the choked
nozzle throat and 1s defined as

Yo+l
Yo + 1 2(70-15
1+ (£/a) h Bo \T™ 53—
IJTSh/TS =\t R/ B5,/P5 T
c h c 7c Rh 7pt

Ziy -1)
(223"

2
Alr flow W, was get and assumed constant for hot and cold cases.
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Afterburner combustion efflclency. ~ The afterburner combustion
efflclency used 1n this report ls defined as follows:
T - T
_on_ 2
n TE T

where Tsh' is the 1ldegl combustion temperature determined from the

actual over-all fuel-air ratio (f/a) and the ideal temperature rise
curve of reference 8.

The signiflcance of this combusgtion efficiency is Indlcated in fig-
ure 21. The ideal combustion temperature Tsh' calculated wlth the use

of reference 8, which takes Into account fthe effect of dissoclation, is
ghown &8 & broken curve. The experimental points shown are typlcal of
thoge obtalned in the flame-holder Investigation. The combustion effic-
lency at any experimental fuel-alr ratlo is the ratlo of actual to

ldeal rise in temperaturs above the iInlet gas temperature T,. A com-

bustlon efficiency defined in thls manner evaluates, on the basls of
an ideal combustor, the effectlveness of the afterburner combustlon
process in creasting a temperature increase. The proximity with which
the actual combustlon temperature approaches the ldeal temperature at
any glven fuel-air ratio ls thus a measure of combustion efficiency.

Although thils combustion efficlency evaluates how closely the burner
approaches 1deal combustion, 1t does not adequately show the expenditure
of fuel In obtaining an increment of temperature increase. Referring
again to figure 21, In the reglon of lean fuel-alr ratlo the lncrement
of fuel needed to obtain a 100° rise in combustion temperature 1ls repre-
sented by Af,. In the reglon of rich fuel-air ratio near stolichlometric,

& much larger quantlity of fuel represented by Af} 1s reguired to obtain
the same 100° rise in temperature.

It is also evident that if the actual combustlon temperature curve
is everywhere equal In glope to the ldeal curve but displaced a finilte
distance along the ordinate, the combustiocn efficlency will never be
100 percent. The Increment of fuel reaqulred to obtain a glven increment
of temperature rise, however, will be no greater than in the ideal case.

The combustlion efficlency discussed is plotted In figure 22. Also
shown In this figure for comparlson is the efficilency for the same data
computed by the method glven in reference 9, in which combustion effici-
ency was defined ag the ratlo of the energy increase 1in the afterburner
to the 1deal energy Increase obtainable from the same quantity of fusl.
The agreement bhetween the two methods was wlthin 3 percent over the en-
tire range of afterburmer fuel-air ratio.
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APPENDIX B

SIMBOLS

The following symbols are used in this report:

A area, sq It
Cq discharge coefficient
(£/a) over-all fuel-air ratio

(£/a)g afterburner unburned-air fuel-air ratio
(f/a)p preheater fusl-air ratio

g acoeleration due to gravity, 32.174 ft/sec®

vortex strength, f£t2/sec

P total pressure, 1b/eq £t abs or in. Hg abs
p static pressure, 1b/eq ft ebs or in. Hg ebs
R gas constant, 5373 £t-1b/(°R)

T total temperature, °R or °F -

v velocity, ft/sec

W, ailr flow, 1b/sec

We fuel flow, 1b/sec

Wg gas flow, 1b/sec

¥ ratlo of sgpecific heats

n combustion efficiency

Subscripts:

b af*terburner

c cold flow condition, only preheater operative

2919
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h hot flow condition, preheater and afterburner operative
P prehesater

2 before spray bars

4 burner inlet (diffuser outlet)

5 burner exit (nozzle inlet)

6 exhaust-nozzle throat

Superscript:

t

inglicates ldeal case
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TABLE I. - PERFORMANCE VARIABLES
Flame |Flame=-|Nozzle| Burmer Alr flow, Burner inlet pressure,
holder|nolder| size,| inlet 1b/sec in. Hg abs
gutter AS/AS velocity, (average for air flow level)
shape V4
ﬂi/sec
8 b c d e T g h a b c a e £ g h
0.522 | 380-450 | B8.5] 7.68 9 |10.8[13 |16 [20 5.7 7 8.6(10 |12 15 |18.5
1 < W70 500-600 | 8.2 9.3 |10.2|11 |11.9]18.9(21.3 5.,8| 8.6| 7.3| 8 g9 |12.5|15.4
.82 580-700 |15 |14.5 | 16.5|/20 |24.8 7.8] B.6{10.3{12.4]1%3.9
0.522 | 380-450 | 11.2|15.3 | 16.3|20 l0.8|12 |15 |18.5
2 C .70 500-600 |10 [11.2 }12.1]14.5|17.6|21.8 7.2] 8.0| 9.6|10.2(12.7|15.8
.82 580~-650 | 1%.4|15.5 | 18.8|23 8.3]10.2]12.3|15.3
0.522 | 3680-450 | B.5] 7.5 | 9.2/10.8(1% |[16.2(20 9.7 7 8.6/10 12 |15 18.5
3 < .70 50Q-600 | 12.4|14.1 | 17.4|21.86 9.8/10.1]12.6|15.5
.82 580-670 |12 (14 15,9(19.1(23.8 7.5] 8.6|10.2|12.5[15.5
4 { 0.522 | 380-450 |11 |13 16 10.8(12 |15
.70 500-800 110.8{12.8 |15 |16 [17.7]|2L1.4|27.7 7.6| 9.8|11 |12 {13 |15.4|20.9
0.522 | 380-450 6.3| 7.6 9 |11.5|13 |16 ({20 5.7 7 8.6/11 {12 |15 [18.5
5 ﬁ .70 500-600 | 8.1] 8.9 (10 |11 |12 |l4.3|17.7|22.1} 5.8} 6.6| 7.2] 7.9] 9.8]10.1|12.8(15.6
.82 580-700 [12.5|14.1 |19.4]25.1 7.7 8.6]12.5|16
0.522 | 380-450 | 7.3] 9 10.8112.9(|18.2 7 8.6[10 (12 |15
6 E'< .70 300-600 | 8.7 9.7 |10.5]12 |[17.7|21.44] 6.1| 7.1]| 7.4| 9.6|12.8|15.5
.82 580-700 |14.1(16.8 [19.9|24.9 8.6|10.4|12.6|15.9
7 < 0.70 500-600 (12.3(14.5 |17.4)21.7 9.7|10.5|12.6]15.5
8 | € |[o.522 | 380-450 | 7.8(10.6 |15.8 7 |10 |15
9 E< 0.522 | 380-450 | 7.7] 9.2 |11.7|lé |20 7 8.8[11 |15 |[18.5
.70 500-600 | 8 ) 10 |11 [1.7(15 |17.7]21.4 | 5.8| 8.6) 7.2} 7.9y 8.9(11 |12.8|15.4
10  {o0.70 500-600 | 9.9]10.8 |13 [16.7]|21.5 7.1| 7.8| 9.8|12.2(15.4
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Figure 1.
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(b) Burner details.

(Dimensions are in inches.)

- Schematic layout of simulated afterburner test rig.
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0.0%0 drill

Cas flow

5/8 by 0.062 wall
Incopel tubing

-

0.25

Saqtion A-A Section B-B

- . -

Figure Z. ~ Afterburner fuel injection syster. (Dimensions are in inches.)
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—il[l

[
[

n

Q

18.50
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el LT

h 4 <

! Section A-A

F—1.57

|

—

r:-
\ i>>

(a) General dimensions of typical flame-holder.

0.63 by 1.2 O 72
tabs inclined
16° to flow %
(see tig. 3{c))

(b) Cross sections of flame-holder gutter shapes.

Figure 3. - Flame-holder geometry. (Dimensions are in inches.)
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Flare holders 6 and 9 : -

]

6162

2.98

M

!
. _ lGVI /f
Ay

16% ~
,._;ﬂv-,/J "\u—J

Cuter ring Inner ring

Flame holder 8; developed view of flame ) -
holder shown in flattened position

1.0 1.0 1.0

e

T

. | 1.98 2
.34 \_*_ 1.75
l 1.23 2.17 163#.,4——!-
! /‘f T\ 2.74

1.80 2.22 3.17 1.75

~ ‘Q_L .Lf 2.74
1.25 2.17 \J_}F_
2.34 ! )—11:98 2 5‘2_§ ' 1.1

l : q l\ 2.49
, 1 3! 4
|
'\\\\— |
Inner ring- \-Outer ring

(c) Vortex generator spacing of flame holders 6, 8, and 9.

Pigure 3. - Concluded. Flame-holder geometry. (Dimensions
are 1ln inches.
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(a) Station 2.

90°

ne @ 80

75°

12.87 rad.

)
29939

15 9 N

(b) Station 4.

Junction
Gas % %
Flow o o4

Franz-type
thermocouple tip

Total-pressure probe

Stream static-
pressure probe

Wall static-pressure
tap

Thermocouple

Fuel-alr retio probe

Fi%u.re 4. - Schematic dlagram of instrumentation stations.
v

iew looking downstream.)
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12.87 rad.

(c) Station 5.

Figure 4. - Concluded. Schematic dlagram of instrumentation
stations. (View looking downstream.)
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Burner inlet gas temperature, Tz, Op

1400

31

&=
o]

1000

(&) Burner inlet pressure, 15.19 inches mercury absolute;

burner inlet velocity, 641 feet per second; average gas
temperature, 12550 F.
1400
—
h 4 A
- T b r A Y I
1200 —_— .
1000 .
b) Burner inlet pressure, 18.21 inches mercury absolute;
burner inlet velocity, 521 feet per second; average gas
temperature, 1254° F
1400
= A ; ‘g
- b
i
1200 g 4 V:sl
M g
[1]
Fr] -
3
1000
15 14 13 12 11 10
Radius, in.

(c) Burner inlet pressure, 16.40 inches mercury sbsolute;
burner inlet veloecity, 376 feet per second; average gas

temperature, 1266° F.

Flgure 5. - Ges temperature distribution at station 2.

o



32

Burner inlet gas temperature, T,, OF

commennuiil,

Thermocouple rakes

1400

P—,

4 {
1200

(vl {
1000

1400

(d% Burner inlet pressure, 7.87 inches mercury absolute;
urner inlet velocity, 662 feet per second; average gas
temperature, 1275° F.

=

1200

D/

L]
v

/C

1000

1400

{e)} Burner inlet pressure, 7.58 inches mercury aboslute;
burner inlet velocity, 563 feet per second; average gas
tempereature, 1253° F.

et a———

o

%: 9

1200

=

Outer wall

[y
Inner body

—de—

19%s

14

13 ool .. o1 .10
Radius, in.

(£} Burner inlet pressure, 7.56 lnches mercury ebsolute;
burner inlet. velocity, 404 feet per second; average gas
temperature, 1273° F.

Figure 5. - Concluded. Gas temperature distribution at station 2.
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Local burner inlet velocity, ft/sec

2919 ' '

1000

inlet

Average burner

veloelty,
Vs

ft/sec

675
510
3082

2
2
&
B
:

"\

/{

P~

o

e

> | o

200

N3

Purner wvall

V

Burner wall

0
16 12 8 &

0 4
Burner radius, in.

12 16

Flgure 6. - Velocity profile at burner inlet (etation 4) showing relative locations of flsme-kolder

gutters. (View looking downstream.)
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Over-all fuel-air ratio, f/a

JEER

RACA RM E53J14

Alr flow, Burner inlet Over-all
W s pressure, fuel-air
1b/sec in. Hg abs r;?io,
(@] 20.5 18.5 0.065
.080 13.0 10.5 .050
080 /‘r '-O\\
T '
__‘A';——- .
(a) 227° Position.
.080
.060 3// )\
~cO——
O~
/‘ \
040 =4 = \\ 1
\:\-Ar-—-
.020
(v) 23° Position.
.080
L T~y
& '
.060 e }
,0/ /
o .
.040 \A\ anl
7 "
N
3
§ i
.020

Figure 7. - Fuel-air distributions at burner inlet (station 4) at velocities of 480 to

520 feet per second.
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Distance from outer wall, in.

(c) 50° Position.
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'
»

6162



2919

CK~5 back

NACA RM E53J14

Over-all fuel-air ratio, £/a
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Burner inlet
velocity,
Vs
ft/sec
o 650
0 500
A 400
Over-all
fuel-air
m}io,
e, £/a
4,./‘ )\ | (lo.oes
A
s %/ A;\L
Pzl ~
4
\“\ :
g
8

Innexr

(a) 90° Position.
~ il R
>
~ a—
~o— 5

[ 8

10

Distance from outer wall, in.

(b} 227° Position.

14

Figure 8. - Fuel-air distributions at burner inlet (station 4) for three velocity levels at
gir flow of 20 pounds per second. .
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Burner inlet totsl pressure, F,, in. Hg abs Combustion efficlency, 1, percent

Burner inlet velocity, V,, ft/sec

NACA RM E53J14

100
/P
O
e
" T ]
{{‘
&‘ A \\.
60
40
(a) Combustion efficlency.
18 .
/o/ Air flow,
)
14 /O 8’
)c o 1b/sec
| —1T ] O 21.33
P g O 1s.87
_ stdl Q 11.54
L — T 32 2 11.02
104 - S 10.16
P - g.27
—~+ H—O] ’O—‘b\: k’ & .20
o S Solid symbols
. —A’o indicate
. - - _ A J el | blow-out.
o et ’—: 4r - -t - —
%':_: o G el B
2l
{b) Burner inlet pressure.
~
800 .
i\ ~ J
N PO
N ~L
~ ~
. T
oy
400
o) .02 .04 .08 .10

Afterburner fuel-air ratio, (f/a),

(c) Burner inlet velocity.

Figure 9. - Typical performance dats with conventlional V-gutters.
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Alr flow,
Ha,
1b/sec
Q 21.33
2 17 O 1s.87
L § 11.94
£ )————-O 11.02
a: o,c—’ N 10.18
8.27
5 O] ] O 8.20
n.‘-b 1z d:/O Solid symbols
- G—_—D gndic_:a.te
g g ¥ low-out.
o
-1
o
B
9
% W s "
—~ ~ 4
g gﬁrdo_o—o
b V
b 5
(d) Burner outlet pressure.
5000 ;
&
iy
E 4000 P - \~\
8 - -~ —— {1~ “SIdeal tempera-
: 7 B
7
A 7 A
3 7 é‘/"" [ 8
] 7
i 4
2000
{e)} Combustion temperature.
g .080 o
O O
t o S oo
o »
Bl 4//0)*{(&-\' >
L Py .040 — ,{
3 ) ////
2% — T —
&
;
(o} .02 .04 .06 .10

Figure 9. - Concluded.

Afterburner fuel-air ratio, (f£/a)y

(f) Burner total-pressure loss ratio.

Typlcal performance data with conventional V-gutters.
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Flame-holder gutter shape

oi1< 444 as

[a Y- 0O 5 < 0O 98

Asqg Qe owC
° 7 <

100
A
[a)
80
&0
{a) Exhaust-nozzle area ratip, 0.52; burner inlet velocity, 580 to 450 feet per second,
100

BT
//a'

7

N \?n

Combustion efficiency, 7, percent
3

40
(b) Exhaust-nozzle avea rdatio, 0.70; burner inlet velocity, 500 to 600 feet per second.

100 -

80

=]
p..
i :n/ i
40
5 7 9 11 15 s .. . 17 19 21

Burner inlet pressure, P‘, in. Hg.abl i
(¢) Exhaust-nozezle area ratio, 0.82; burner inlet veloecity, 580 to 650 feet per second.

Figure 10. - Cross plot of combustion efficiency at fuel-air retic of 0.047 for wvarious burner
inlet preasures.
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Coabustion efficiensy, 17, parcsnt

2919

() Exbunst-nozscle ares ratio, 0.52) burner intet velocity, 580 to 450 feet per ssoond.

Fleme-holder gutter shape

p %n 01< 44 4aas g

0:C D5 0 8BS
As Qerg o1 C

d/ o7 <

{b) Exbhaust-nozzle area ratio, 0.70) burner inlet Yeloolty, 500 to 600 Teet per second,

‘A'_'

z:

7 ] 1 15 15 17 19 21
Burpar inlet prossure, 1’*, in. Hg aba

{(c) Exbaust-norzle area ratio, 0.82; burnor inlet velocity, 560 to 650 feet par aocpnd,

Figore 11, - Cross plot of combustion efficiency at fuel-air ratio of 0.087 for various burnar inlat pressuras.
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Combustion efficiency, 1, percent

o¥

100
B Flage-holder
T gutter shape
80 -
a 1B o) 1 < 05 <
ezC o071 <
w Az< 4as {
{e) Burner inlet pressurs, 15 inches of mercury absolute. 44 09 B
100 '
Os5c¢. <10 C
r\-_‘ — ey 2
80
&0
() Burmer inlet pressure, 11.5 inches of mercury absolute.
100
A
'“
80 . ——
Pr—]
\i
Py k\b\:
60
a '\ o
40
380 400 440 480 520 560 600 640 880 720
Burper inlet velocity, V,, ft/sec
(c) Burner inlet pressure, 8 inches of wereury mbsolute.
Figure ‘- The effect of burner inlet velocity on eocwbustion efficlency et  afterburner fusl-air ratio

12, -
of 0.047 for various flame-bholder shapes.
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Combustion efficiency, 7, percent

CK-6 2919

Flame-holder
gutter shape
100 01< ¢ s BL
. azC o1 <
f
o |~ _ A 3 < a s {
80 —
o]~ 44+ 09 B
05 <1 C
60
(8) Burner inlet pressura, 15 ineches of mercury sbsolute.
100
[a]
a
® S
\.\ i a v
80
(b) Burper inlet pressure, 11.5 inches of mercury sbsolute.
100
80 =
[— \\
B \
[ =~
60 —‘_'A_"':\Q\
3680 400 440 480 520 8560 600 640 680

Burner imlet veloeity, V,, ft/sec

(e) Burner inlet pressure, 8.0 inches of mercury sbeolute,

Figure 15. - The affect of burner inlet veloelty on combustion efficiency at afterburner fuel-alr

ratio of 0.067 for various flame-holder shapes.
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Average difference in combustion
efficiency of given flame holder
and conventional V-gutter
flame holder, percentage points

8~

Flame-holder
gutter shape

Vortex-strength
paremeter, K/V

Total number
experimentel
runs

AN

AR

N

10

.086

48

156

29

259

AR

148

212

139

132

SS$S>

7

105 38 119

Figure 14. - Average differences between combustion effielency of conventional V-gutter
flame holder and combustion efficiencles of various flame-holder shapes.
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Flame-holder
gutter shape
o] 1 <
(o] 2 C
A 3 <
4 4 <:
m] 5 <
14 6 =2
o 1 <
16 a 8 <:
_n (a] g B<
§ < 10 )
g .12 I
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e %
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p‘ -
: /5./’ 4
3] ,///
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>
0 200 400 800 800 1000

Burner inlet velocity, Vg ft/sec

Pigure 15. - Effect of burner inlet velocity on burner pressure loss
ratio for various flame-holder gutter shapes without burning.
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Burner pressure losa ratio, (Py - P5)/P,

NACA RM EB3J14

Flame-holder

gutter shape
o 1 <
& 2 C
A 3 <
O 5 &£
O s <
.12
)
.08 ///t r /,./"S
/43/ ) Yl /T?) }/
= -
P 1
.04 - s
o]
(a) Burner inlet velocity, 500 feet per second.
.16
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. — T

\

g g 4
/] A %
/ - L
B e
O1.0 1.2 1.4 1.6 1.8 2.0 2.2 2

Burner temperature ratio, Tg/T,

(b) Burner inlet velocity, 600 feet per second.

Figure 15. - Effect of burner temperature ratio and inlet velocity on burner pressure loss

ratio for various gutter shapes with burning.
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Burner cutlet pressure, P;, in. Hg abs
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14

ratio inlet velocity range,
ft/unn
O o.52 400 to 50O
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A 82 £00 to 700
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Figure 17. - Stability limits of Ilame-holder 1.
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Figure 18. - Stability limits of flame holder 1 adjusted
for velocity effect.
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Flame holder
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Afterburner fuel-air ratio, (f/a)g

Figure 19. - Stebility limits at burner inlet velocity

of 500 feet per second for various flame-holder gutter

shapes.
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Burner outlet pressure, P5, in. Hg abs

RACA RM ES53J14

Flame holder
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Figure 20. -~ Stability limits at burner inlet velocity

of 600 feet per second for various flame-holder gutter

shapes.
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Combustion temperature, °R

Combustion efficiency,

RACA RM E53J14 ] 49
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O Typlecal experi-
mental results
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Figure 21. - Ideal and experimental combustion temperatures as function of over-
all fuel-gir ratio. Initial base temperature, 540° R.
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Afterburner fuel-air ratio, (f/a)

Figure 22. - Comparison of combustion efficlency'calculated by two different
methods as function of afterburner fuel-eir ratio.
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